Introduction
============

Foot-and-mouth disease (FMD) is one of the most important animal diseases in the world. Although there are several methods to combat the disease, the preferred method in endemic regions is vaccination. FMD vaccines are composed of inactivated whole virus particles and oil or alum adjuvants. Inactivated FMD virus (FMDV) antigen alone is a weak immunogen; as such, many adjuvant candidates have been investigated to improve the immune response. Nevertheless, only two adjuvant formulations are in use today: aluminium hydroxide gel \[Al(OH)~3~\] with saponin, and an oil-based adjuvant \[[@B1]\]. Alum vaccines result in a weaker immune response compared to oil adjuvant vaccines, especially in pigs \[[@B2]\] and have a tendency to result in maternal antibody interference \[[@B3]\]. Although alum-based vaccines are generally considered safe \[[@B4]\], granulomas sometimes arise when the subcutaneous route is used for delivery rather than intramuscular injection \[[@B5]\]. Another side effect of alum adjuvants are increased IgE production \[[@B4]\], which can result in allergenicity \[[@B6]\] and neurotoxicity \[[@B7]\].

Saponins are steroids or triterpenoid glycosides found in wild or cultured plants and bacteria. Triterpenoid saponins are found in many plants, including soybean, bean, pea, allium, tea, spinach, sunflower, and chestnut. Saponins have been used widely as adjuvants in many veterinary vaccines and are frequently used in combination with alum adjuvants in foot and mouth disease vaccines. The triterpenoid saponin Quil A, obtained from the barks of *Quillaja saponaria* tree grown naturally in the Andes Mountains of Peru, has been studied extensively due to its adjuvant activity \[[@B8]\].

Quil A is composed of more than 23 different saponins \[[@B9]\]. Although it is a natural extract of the *Quillaja saponaria* tree, it is toxic to humans. In addition to local reactions, severe haemolysis of erythrocytes can sometimes occur \[[@B10][@B11]\]. However, Quil A has long been used successfully in veterinary medicine \[[@B11]\].

Because few safe and effective adjuvants exist for human use, QS-21, one of the 23 saponins found in Quil A, has been the preferred adjuvant in many recent clinical human trials and vaccine studies, including those for cancers \[[@B12]\] as well as infectious and neurodegenerative diseases such as acquired immune deficiency syndrome \[[@B13]\], hepatitis B \[[@B14]\], and Alzheimer\'s disease \[[@B15]\].

Saponins exhibit both specific and non-specific stimulatory immune effects, such as inflammation. The exact mechanism of this immune-stimulating effect is not clearly understood \[[@B16]\], but it is thought that saponin induces the production of cytokines, including interleukins and interferons, that invoke other immune system elements \[[@B9]\].

In general, oil-based vaccines provide longer immunity and elicit less interference from maternal antibodies and earlier protection in cattle and pigs \[[@B1][@B3]\]. The addition of saponin in the form of Quil A as an oil adjuvant significantly enhances immune responses to FMD vaccines \[[@B17]\].

The goal of this study was to investigate the effect of QS21 on humoral immunity via a water-in-oil-in-water (w/o/w) type emulsion of the Montanide ISA206 (Seppic/France) FMD vaccine. Cattle were used as the target animal to evaluate the serum virus neutralizing antibody response, which is the best indicator of the protection conferred. The results showed that a strong neutralizing antibody response was initiated at the first week after vaccination with QS-21, suggesting a safe alternative to Quil A.

Materials and Methods
=====================

Control vaccine (ISA206)
------------------------

A commercial oil adjuvanted vaccine (Turvac oil 14/18) was produced at the FMD (SAP) Institute Ankara, Turkey and contained O TUR07 and ATUR11 strains and Montanide ISA206 as an oil adjuvant. In brief, the viruses used to generate the vaccine were propagated in BHK-21 suspended cell culture. Binary ethylene-imine was used for inactivation. Viruses were concentrated and semi-purified using polyethylene glycol, then were combined with Montanide ISA206 to formulate a double oil emulsion. It has been shown via animal challenge that the potency of the vaccine is 6PD~50~ for each antigen, according to the World Organisation for Animal Health (OIE) manual \[[@B18]\]. The cut-off values for the neutralizing antibody titres necessary for protection were pre-determined for each strain. The logarithmic values of the serum neutralization titres above 1.20 and 1.04 were considered protective for the OTUR07 and ATUR11 homologue viruses, respectively.

Vaccine containing QS-21 (ISA206+QS-21)
---------------------------------------

QS-21 was purchased from Dessert King International (San Diego, CA, USA) at \>98% purity. QS-21 powder was added directly to the ready oil emulsion vaccine and mixed by gentle shaking to obtain 750 µg QS-21 per cattle dose (2 mL) as a final concentration. The formulation with QS-21 was freshly prepared on the day of immunization.

Cattle
------

Nine-month-old Holstein-Friesian FMD antibody seronegative calves were used in the study. Each group consisted of 6 animals. Two non-vaccinated animals were used as negative controls. The animals were kept in closed containments during the study.

Immunization and sampling
-------------------------

Two millilitre vaccines were administered via the deep intramuscular route on the necks of animals.

Blood samples were collected on days 0, 1, 3, 8, 14, 28, 45, 60, and 90. The animals were monitored every day for body temperature, local temperature, lesions, and appetite. Sera samples were stored at -20℃ until tests were performed.

Serological assays
------------------

### Virus neutralization test

A virus neutralization test was performed according to the OIE manual \[[@B18]\]. Briefly, sera were heat inactivated in a water bath. Two-fold serial dilutions of sera samples from 1:4 to 1:512 were prepared. The diluted sera samples were then incubated with 100 TCID~50~ homolog virus for 1 hour at 37℃. After one hour, the BHK-21 cell suspension was added to all wells. Forty-eight hours later, the endpoint titres were determined using the results of the cytopathic effect formation.

### Liquid phase blocking enzyme-linked immunosorbent assay

The FMDV specific total antibody response was determined by liquid phase blocking enzyme-linked immunosorbent assay (ELISA). The polyclonal antibodies used in the test were produced in-house against the OTUR07 and ATUR11 vaccine strains. The test was performed as described by Hamblin et al. \[[@B19]\]. Briefly, 96-well microplates were coated with specific rabbit anti-FMDV type O and type A polyclonal antibodies overnight. The next day, sera samples were incubated with a homologue virus suspension of equal volume for 1 hour in a 37℃ incubator. This mixture was then transferred to the polyclonal antibody coated plates and incubated again for one hour at 37℃. After washing three times with phosphate buffered saline containing Tween 20, specific guinea pig anti-FMDV antibodies were added. After a washing step, a goat anti-guinea pig antibody conjugated with horse radish peroxidase (1:2,000 dilution) was added to each well. After one-hour incubation and subsequent washing, 50 µL peroxidase substrate \[10 mg o-phenylenediamine and 37.5 µL of 30% (v/v) H~2~O~2~ solution in 25 mL 0.1 M citrate-phosphate buffer, pH 8.0\] was added to each well, and plates were incubated at room temperature for 15 minutes. The reaction was stopped using sulfuric acid, and the optical density at 492 nm wavelength was measured using an ELISA reader.

Data analysis
-------------

Data analysis was performed using SPSS version 19.0 (IBM SPSS Statistics for Windows, Armonk, NY, USA). The Mann-Whitney U test was used for the comparison of data from two groups. Differences were evaluated as significant when p\<0.05.

Ethics statement
----------------

The experiment was conducted in accordance with the International Harmonization of Animal Care and Use guidelines. The study protocol was approved by the ethics committee of the Sap Institute.

Results
=======

Reactogenicity
--------------

A drop of blood was observed at the injection site for animals in the QS-21 group. There was an evident increase in local temperature at the injection site that lasted several days. Body temperatures fell within physiological range for both groups. No other adverse effect was observed during the study. Post-mortem examination of the injection site revealed no macroscopic differences between the two groups of animals.

Serological responses
---------------------

### Virus neutralization test results

For type O, virus neutralizing antibodies were detected from the third day on in both groups (4/6 for QS-21 and 3/6 for control vaccine). On the eighth day post-vaccination (dpv), a strong neutralizing antibody titre was measured in the QS-21 group; this rapid increase continued until 28 dpv. Thereafter, a slight decrease in antibody titre was observed in this group and remained high until day 90 dpv. In the control vaccine group, there was a neutralizing antibody response slightly above the protective levels at 8 dpv (2 animals were below the protective level) that continued to rise until 45 dpv and reached a plateau before 90 dpv. Both groups had protective levels of neutralizing antibodies on day 90. For type A, while the virus neutralization antibody titres reached protective levels by 8 dpv in the QS-21 group, the same protective levels were achieved on 28 dpv in the control group. Virus neutralization test (VNT) results are shown in [Figs. 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}. The differences between the two groups for VNT type O and VNT type A at days 8, 14, 28 were significant. There was no significant difference between the two groups at days 45 and 90 in VNT value for both types.

### Liquid phase blocking ELISA results

For type O, a robust specific antibody response was obtained for the QS-21 group at day 8. It reached a maximum level on 14 dpv, and then gradually declined towards day 90. In the oil adjuvant control group, the response began on day 8 but reached a peak on 45 dpv. Similarly, for type A, a marked early response was detected from day 8 for the formulation containing QS-21 and reached a peak on 28 dpv. In contrast, in the control group, no antibody titre was detected until day 28, with the exception of one animal on 14 dpv. Liquid phase blocking ELISA test results are shown in [Figs. 5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"}, [8](#F8){ref-type="fig"}.

Discussion
==========

Current FMD vaccines generally do not protect cattle herds from outbreaks, even after frequent vaccination \[[@B20]\]. Thus, there is a need for the development of new vaccines that induce a rapid and specific innate response characterized by B-cell activation \[[@B21]\]. Oil adjuvant vaccines are known to be better inducers of a humoral antibody response than gel vaccines \[[@B22][@B23]\]. Although the combination of saponin and oil is not common, a synergy between saponin and oil for immunopotentiation has been reported in some studies. Gerber \[[@B24]\] observed better immune responses in guinea pigs, pigs and cats vaccinated against canine parvovirus, pseudorabies virus, and feline infectious virus, respectively, when Quil A together with oil was used as an adjuvant than when Quil A or oil was used alone. Martinez-Fernandez et al. \[[@B25]\] reported an enhanced immune response induced by a *Fasciola hepatica* oil emulsion vaccine containing saponin from *Quillaja* extract in sheep and mice.

There is considerable variation in saponin quality as a natural product \[[@B26]\]. This might be associated with a variation in the incidence of adverse reactions between vaccine batches \[[@B26][@B27]\]. QS-21 is much better tolerated then raw saponin, which may cause red blood cell hemolysis, pain at the site of injection, and high local reactogenicity \[[@B28]\]. It is not common to find an oil adjuvant and saponin derivates together in FMD vaccines. One of the few studies in this field showed increased IgG levels following the use of oil adjuvant with Quil A compared to oil adjuvant alone in piglets \[[@B17]\]. However, ELISA and indirect hemagglutination assay were utilized rather than a VNT assay. Another study carried out by Smitsaart et al. \[[@B2]\] evaluated the inclusion of saponin with the oil adjuvant in an FMD vaccine in cattle compared to the response in different species. Again, liquid phase ELISA was used for the evaluation of the response to the vaccine and the calculation of the expected percentage of protection. Another study \[[@B29]\] showed that *Cochinchina momordica* seed extracts, a possible saponin source \[[@B30]\], increased FMD-VP-1 antibodies in an oil adjuvanted vaccine in a guinea pig model.

Early evaluations of QS-21 as an adjuvant showed that it was linked with high CD8+ T cell responses in mice \[[@B31]\] and high antigen-specific antibody responses in humans \[[@B32]\]. Despite the negative result produced by QS-21 in a human study \[[@B33]\], in the present study, we found that its use in combination with an oil adjuvant in a FMD vaccine formulation enhanced antibody response. Furthermore, no adverse reaction was observed in cattle during this study. A local rise in temperature in the QS-21 group was considered a normal reaction of the immune system. It was thought that the negative result produced with QS-21 in that study might have been related to the dose of QS-21 used. Only a single dose was used in the human influenza study, and insufficient information about the method of production and purity of QS-21 used was provided. Conversely, in another study comparing various adjuvants with beta amyloid in mice, the best results were obtained with QS-21 compared to Alum, TiterMax Gold, and incomplete Freund\'s adjuvant/complete Freund\'s adjuvant \[[@B15]\]. Similarly, in a study of Quil A, the best specific antibody response was obtained with Quil A compared to other adjuvants used as antigens, including nanoparticle formulations of chitosan, lipopolysaccharide, and ovalbumin in mice \[[@B34]\]. In a human immunodeficiency virus vaccine study of QS-21, MPLA, Alum, and ISCOMATRIX in mice, the highest CD4+ response was observed with the QS-21 formulation.

Different adjuvants in the same formulation may not always improve the response, as was the case in a bovine virus diarrhoea vaccine study \[[@B35]\]; two strong adjuvants---Quil A and silica vesicles together---did not yield the expected synergistic effect. However, Song et al. \[[@B36]\] reported that Ginseng stem-leaf saponin and mineral oil acted synergistically. Similarly, the results of this study suggest that Montanide ISA 206 and QS-21 could work harmoniously. It was assumed that oil provides a slow release of the antigen and that QS-21 summons immune cells to the injection site, as speculated by Song et al. \[[@B36]\].

Neutralizing antibodies play an important role in protection against FMD \[[@B37][@B38]\]. It is well-known that there is strong correlation between neutralizing antibody titre and protection \[[@B39]\]. In contrast, antibodies detected by ELISA may not be correlated with neutralizing antibody titre and protection \[[@B37]\]. In this study, QS-21 improved the antibody response within the first month in the target species. In particular, a dramatic increase in neutralizing antibody response as early as the eighth day was observed in the QS-21 group, a good indicator of protection against FMD. The ELISA results also support a remarkable early increase in specific total antibody in the sera of the QS-21 group. This early rise in antibody level is important in the protection of a susceptible population from diseases with high morbidity such as FMD. The early antibody response produced by a ring vaccination may help to contain the circulation of the virus, but it is necessary to determine whether this early response was the result of adjuvancy or the surfactant effect of QS-21. Because QS-21 might have disrupted emulsion, this might allow the rapid release of antigen into tissue. In any case, this marked early response is undoubtedly critical in the fight against FMDV infection.

The disadvantages of QS-21 include its high price and ecological footprint. These problems can be overcome by using a synthetic version of QS-21 or by replacing it with an abundant substance from another plant source showing the same effect.

In conclusion, an early response characterized by strong neutralizing antibody titres against FMDV was detected beginning the first week after immunization in the QS-21 group, whereas the oil adjuvant control vaccine induced a slower increase in specific antibody response. Although both responses were nearly equalized on 45 dpv, this finding may be useful for emergency or ring vaccinations where a rapid response is required.

In this study, because the target animals were used directly, a dose-response study could not be carried out. Different doses or combinations with different adjuvants should be tested for better protection. Furthermore, other routes of administration such as subcutaneous or intranasal should be investigated to identify the optimum response.
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